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The NASA P r o j e c t  P a t h f i n d e r  c o n t a i n s  programs t o  p r o v i d e  t e c h n o l o g i e s  for 
f u t u r e  t r a n s f e r  v e h i c l e s  i n c l u d i n g  those powered by b o t h  advanced chemical  and 
e l e c t r i c  p r o p u l s i o n  r o c k e t s .  Th i s  paper d iscusses  t h e  Chemical Trans fer  Pro- 
p u l s i o n  and Cargo V e h i c l e  P r o p u l s i o n  e lements o f  P a t h f i n d e r .  The program 
r e q u i r e m e n t s  and goa ls  f o r  b o t h  e lements a r e  d iscussed,  and t e c h n i c a l  a c t i v i -  
t i e s  which a r e  p lanned or underway a r e  summarized. Recent p rog ress  i n  programs 
which suppor t  or proceed t h e  P a t h f i n d e r  a c t i v i t i e s  i s  d e t a i l e d .  I n  p a r t i c u l a r ,  
t h e  NASA Program fo r  Advanced O r b i t a l  T r a n s f e r  V e h i c l e  P r o p u l s i o n ,  which a c t e d  
as t h e  p r e c u r s o r  fo r  t h e  Chemical T r a n s f e r  P r o p u l s i o n  e lement  o f  P a t h f i n d e r  i s  
summarized. 

INTRODUCTION 

The P r e s i d e n t i a l  Space P o l i c y  ( r e f .  1 )  announced i n  February  1988, 
d i r e c t e d  NASA t o  pursue a l o n g  range goa l  t o  e s t a b l i s h  human presence and 
a c t i v i t y  beyond E a r t h  o r b i t .  The d i r e c t i o n  acknowledged t h a t  an i n t e l l i g e n t  
goa l  s e l e c t i o n  among t h e  many a l t e r n a t i v e s  b e i n g  c o n s i d e r e d  r e q u i r e d  a b roader  
sc ience  and t e c h n o l o g y  base. To l a y  a f o u n d a t i o n  f o r  d e c i d i n g  advanced g o a l s ,  
t h e  P r e s i d e n t ' s  d i r e c t i v e  c r e a t e d  P r o j e c t  P a t h f i n d e r ,  a ma jor  new program for 
r e s e a r c h  and development o f  t e c h n o l o g i e s  t o  enab le  a wide range o f  manned and 
unmanned m i s s i o n s  beyond E a r t h  o r b i t  ( r e f s .  2 and 3). 

P a t h f i n d e r  i s  i n t e n d e d  t o  b u i l d  upon t h e  ongo ing  C i v i l  Space Technology 
I n i t i a t i v e  (CSTI). Whi le  C S T I  aims t o  deve lop  t e c h n o l o g i e s  r e l a t e d  t o  space 
o p e r a t i o n  i n  low E a r t h  o r b i t ,  P a t h f i n d e r  w i l l  f ocus  on emerging, i n n o v a t i v e  
t e c h n o l o g i e s  t h a t  would make p o s s i b l e  l u n a r l i n t e r p l a n e t a r y  m i s s i o n s ,  r o b o t i c  
e x p l o r a t i o n  o f  t h e  s o l a r  system, an o u t p o s t  on t h e  Moon or a manned e x p e d i t i o n  
t o  Mars.  The v i s i o n  o f  p o s s i b l e  f u t u r e  m iss ions  t o  s tudy  Ear th ,  r e t u r n  t o  t h e  
Moon, p i l o t e d  m i s s i o n s  t o  Mars o r  t h e  c o n t i n u i n g  r o b o t i c  e x p l o r a t i o n  of t h e  
S o l a r  System a r e  c o n t a i n e d  i n  t h e  r e p o r t  o f  t h e  P r e s i d e n t ' s  N a t i o n a l  Commission 
on Space ( r e f .  4 ) .  The ro le  and r e q u i r e m e n t s  f o r  t e c h n o l o g y  development t o  
enab le  these m i s s i o n s  a r e  enumerated i n  t h e  r e p o r t  o f  t h e  S a l l y  Ride Committee 
t o  t h e  NASA A d m i n i s t r a t o r  ( r e f .  5). 

P r o j e c t  P a t h f i n d e r  i s  o r g a n i z e d  around f o u r  ma jor  t h r u s t s :  E x p l o r a t i o n ,  
T r a n s f e r  V e h i c l e s ,  Humans i n  Space, and Opera t i ons .  Each o f  these t h r u s t s  i s  
concerned w i t h  a s e t  o f  key  t e c h n o l o g y  e lements t o  suppor t  c r i t i c a l  m i s s i o n  
c a p a b i l i t i e s .  O f  i n t e r e s t  t o  t h i s  paper i s  t h e  T r a n s f e r  V e h i c l e  T h r u s t  wh ich  
w i l l  p r o v i d e  f o r  t r a n s p o r t a t i o n  t o  and f r o m  t h e  Moon, Mars, and o t h e r  p l a n e t s ,  
and f o r  t r a n s f e r  between d i f f e r e n t  E a r t h  o r b i t s ,  f o r  example, movement o f  peo- 
p l e  or ca rgo  between low E a r t h  o r b i t  and geosynchronous o r b i t .  T h i s  t h r u s t  



c o n t a i n s  a techno logy  e lement  f o r  chemi c a l  p r o p u l  s i o n ,  t h e  Chemi c a l  T r a n s f e r  
P r o p u l s i o n  element,  and an e lement  f o r  h i g h  power e l e c t r i c  p r o p u l s i o n ,  t h e  
Cargo V e h i c l e  P r o p u l s i o n  e lement .  

The P a t h f i n d e r  Chemical T r a n s f e r  P r o p u l s i o n  Program was i n i t i a t e d  i n  l a t e  
1988 and i s  i n t e n d e d  t o  e s t a b l i s h  t h e  t e c h n o l o g y  base t h a t  w i l l  enab le  t h e  
development o f  space-baseable,  h i g h  per formance chemical  t r a n s f e r  p r o p u l s i o n  
systems, as w e l l  as l a n d e r  p r o p u l s i o n  s y s t e m s ,  t h a t  can p r o v i d e  t h e  needed p e r -  
formance o v e r  a wide t h r o t t l e  range.  The LOXlhydrogen expander c y c l e  eng ine  
has been i d e n t i f i e d  as t h e  p r i m a r y  c a n d i d a t e  t o  s a t i s f y  these r e q u i r e m e n t s .  

The v e r y  c h a l l e n g i n g  m i s s i o n s  t h a t  a r e  now b e i n g  c o n s i d e r e d  and t h e  
a v a i l a b i l i t y  o f  high-power l e v e l s  i n  space had l e d  t o  a renewed i n t e r e s t  i n  
high-power e l e c t r i c  p r o p u l s i o n  f o r  i n t e r p l a n e t a r y  c a r g o  v e h i c l e s ,  l a r g e  E a r t h -  
o r b i t a l  systems, and o t h e r  nont ime c r i t i c a l  a p p l i c a t i o n s  where t h e  h i g h  spe- 
c i f i c  impu lse  o f  these systems may be e n a b l i n g .  The s t a t u s  o f  h i g h  power e l e c -  
t r i c  p r o p u l s i o n  and i t s  a p p l i c a t i o n  t o  v a r i o u s  m i s s i o n s  has been rev iewed w i t h  
r e s p e c t  t o  r e c e n t  developments.  The major  t h r u s t e r  and system t e c h n o l o g y  
i s s u e s  which must be addressed have been i n c l u d e d  i n  t h e  P a t h f i n d e r  Cargo Veh i -  
c l e  P r o p u l s i o n  Program. T h i s  a c t i v i t y  w i l l  c o n c e n t r a t e  on  i o n  and magneto- 
plasmadynamic (MPD)  p r o p u l s i o n  and i t s  i n i t i a l  phase w i l l  c o n c e n t r a t e  on  
e s t a b l i s h i n g  t h e  f e a s i b i l i t y  and p r a c t i c a l i t y  o f  these two s y s t e m s .  

Both  t h e  Pathfinder Chemical Transfer Propulsion and Cargo V e h i c l e  Propul- 
s i o n  Programs have been preceded by  r e s e a r c h  programs r e l e v a n t  t o  them. I n  
p a r t i c u l a r ,  t h e  NASA O r b i t a l  T r a n s f e r  V e h i c l e  P r o p u l s i o n  Program ( r e f .  6 )  i s  a 
p r e c u r s o r  t o  t h e  new Chemical T r a n s f e r  P r o p u l s i o n  Program. R e l e v a n t  r e s e a r c h  
i n  i o n  p r o p u l s i o n  and MPD p r o p u l s i o n  ( r e f .  7 )  has been underway f o r  two decades 
and has e x i s t e d  w i t h i n  NASA, t h e  DOD, i n d u s t r y  and academe. 

T h i s  paper  w i l l  b r i e f l y  r e v i e w  t h e  r e c e n t  developments i n  t r a n s f e r  p r o p u l -  
s i o n  and h i g h  power e l e c t r i c  p r o p u l s i o n  wh ich  a r e  r e l e v a n t  t o  these new P r o j e c t  
P a t h f i n d e r  a c t i v i t i e s .  The g o a l s  and p lanned a c t i v i t i e s  a s s o c i a t e d  w i t h  Chemi- 
c a l  T r a n s f e r  P r o p u l s i o n  and Cargo V e h i c l e  P r o p u l s i o n  w i l l  a l s o  be summarized. 

CHEMICAL TRANSFER PROPULSION PROGRAM 

The P a t h f i n d e r  Chemical T r a n s f e r  P r o p u l s i o n  Program has been e s t a b l i s h e d  
t o  p r o v i d e  t h e  t e c h n o l o g y  base t h a t  w i l l  enab le  t h e  development of space- 
baseab le ,  h i g h  per formance chemical  t r a n s f e r  p r o p u l s i o n  systems, as w e l l  as 
l a n d e r  p r o p u l s i o n  systems t h a t  can p r o v i d e  t h e  needed h i g h  per formance o v e r  a 
wide t h r o t t l e  range.  The LOX/hydrogen expander c y c l e  eng ine  has been i d e n t i -  
f i e d  as t h e  p r i m a r y  c a n d i d a t e  t o  meet these s t r i n g e n t  m i s s i o n  r e q u i r e m e n t s .  
Such advanced chemical  r o c k e t  eng ines  would enab le  t r a n s p o r t a t i o n  to,  and 
r e t u r n  from, t h e  Moon, t h e  M a r t i a n  Moon Phobos, Mars, and o t h e r  p l a n e t s  i n  t h e  
S o l a r  System as w e l l  as r e l i a b l e  and c o s t - e f f e c t i v e  E a r t h - o r b i t  o p e r a t i o n s .  

Des ign  G o a l s / C h a r a c t e r i s t i c s  

The NASA O f f i c e  o f  E x p l o r a t i o n  (OEXP)  i s  c u r r e n t l y  s t u d y i n g  a v a r i e t y  o f  
m i s s i o n  s c e n a r i o s  such as those n o t e d  above t o  p r o v i d e  recommendations and 
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a c t i v i t i e s  so t h a t  a n a t i o n a l  d e c i s i o n  f o r  human e x p l o r a t i o n  o f  t h e  S o l a r  Sys- 
t e m  can be made. 
r e s u l t i n g  from these s t u d i e s  i s  shown i n  t a b l e  I. P r o p u l s i o n  r e q u i r e m e n t s  
i d e n t i f i e d  i n  these s t u d i e s  i n c l u d e :  ( 1 )  f a u l t  t o l e r a n t  and r e l i a b l e  eng ine  
o p e r a t i o n ,  (2) space bas ing ,  l o n g  1 i f e  and space maintenance capabi  1 i t y ,  
( 3 )  man r a t i n g ,  (4) r e u s a b i l i t y ,  r e s t a r t  c a p a b i l i t y ,  and automated p r e f l i g h t  
o p e r a t i o n s ,  (5) i n t e g r a t e d  c o n t r o l s  and h e a l t h  m o n i t o r i n g  for s e l f  d i a g n o s i s ,  
and (6) t h e  a b i l i t y  t o  per fo rm some l e v e l  o f  o n - o r b i t  assembly.  

A p r e l i m i n a r y  s e t  o f  p r o p u l s i o n  t e c h n o l o g y  r e q u i r e m e n t s  

Based on r e q u i r e m e n t s  such as these,  a s e t  o f  d e s i r a b l e  c h a r a c t e r i s t i c s  
for an advanced space-based eng ine  has been e s t a b l i s h e d .  These g o a l s  a r e  
l i s t e d  i n  t a b l e  11. C e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  eng ine  have been l e f t  unde- 
f i n e d  p e n d i n g  f u r t h e r  d e f i n i t i o n  o f  t h e  m i s s i o n  o f  cho ice .  T h r u s t  i s  depend- 
e n t  on m i s s i o n ,  whether  a m u l t i s t a g e  v e h i c l e  i s  r e q u i r e d  and t h e  number o f  
engines r e q u i r e d  t o  ach ieve  man r a t i n g  and r e l i a b i l i t y  r e q u i r e m e n t s .  Engine 
l e n g t h  can be d r i v e n  by  aerobrake c o m p a t i b i l i t y .  H igh  chamber p r e s s u r e  i s  
d e s i r a b l e  t o  m i n i m i z e  s i z e ,  b u t  needs t o  be e v a l u a t e d  versus  r e l i a b i l i t y  and 
space main tenance ispace a s s e n b l y  c o n s i d e r a t i o n s .  I t  i s  l i k e l y  t h a t  chamber 
p r e s s u r e  w i l l  be i n  excess o f  1000 p s i a  t o  s a t i s f y  a l l  r equ i remen ts .  P rev ious  
s t u d i e s  o f  O r b i t a l  T rans fer  V e h i c l e  p r o p u l s i o n  sys tems w i t h  v e r y  s i m i l a r  char -  
a c t e r i s t i c s  r e s u l t e d  i n  chamber p ressu res  which were i n  t h e  1200 t o  2000 p s i a  
range.  These c h a r a c t e r i s t i c s  r e p r e s e n t  a s e t  o f  h i g h l y  a m b i t i o u s  g o a l s  and t h e  
degree to  which a l l  o f  these  can be met c o n c u r r e n t l y  has y e t  to  be e s t a b l i s h e d .  

The vacuum s p e c i f i c  impu lse  goa l  o f  490 sec ( l b f - s e c / l b m >  i s  a m b i t i o u s ,  
b u t  appears approachab le ,  i f  n o t  a c h i e v a b l e ,  based on t h e  work i n  p r e v i o u s  
a c t i v i t i e s .  The s e l e c t i o n  o f  a 2 0 : l  t h r o t t l i n g  r a t i o  ( w i t h  minimum p e r f o r m -  
ance loss)  r e f l e c t s  n o t  o n l y  t h e  r e q u i r e m e n t  for  l a n d e r  a p p l i c a t i o n ,  b u t  a l s o  
t h e  v e r s a t i l i t y  t o  p e r f o r m  low a c c e l e r a t i o n  o r b i t  t r a n s f e r  m i s s i o n s  as w e l l  as 
t o  p r o v i d e  t h r u s t  v a r i a b i l i t y  f o r  aeromaneuver ing. 

Reusable eng ines  w i l l  r e q u i r e  p e r i o d i c  maintenance.  I f  t h e  eng ine  i s  
space-based, t h e  maintenance must be per fo rmed i n  space. Goals  f o r  s e r v i c e  
f r e e  l i f e  and t i m e  between o v e r h a u l s  w i l l  he p t o  m i n i m i z e  maintenance t i m e  and 
cost for a space-based eng ine .  I n  a d d i t i o n ,  t h e  eng ine  s h a l l  be o f  a modular  
d e s i g n  t o  f a c i l i t a t e  maintenance.  Space-bas ng w i l l  a l s o  r e q u i r e  t h a t  eng ine  
o p e r a t i n g  c h a r a c t e r i s t i c s ,  des ign techn iques  and d i a g n o s t i c  systems be employed 
t o  f a c i l i t a t e  l o n g - t e r m  s to rage  i n  space. 

The eng ine  w i l l  be r e q u i r e d  t o  t o l e r a t e  a number o f  f a i l u r e s  w i t h o u t  
c r e a t i n g  a hazard  ( " f a i  1 o p e r a t i o n a l  / f a i  1 s a f e "  f a u l t  t o l e r a n c e ) .  I n  a d d i t i o n ,  
t h e  sys tem s h a l l  t o l e r a t e  o f f - d e s i g n  o p e r a t i o n  o f  some c o m b i n a t i o n s  of compo- 
nen ts  i n  a way t h a t  can m a i n t a i n  o v e r a l l  system d u r a b i l i t y  and a l l o w  c o m p l e t i o n  
o f  t h e  m i s s i o n .  

For a man-rated v e h i c l e ,  h i g h  r e l i a b i l i t y  i s  r e q u i r e d .  Proven c e s i g n  
s t a n d a r d s  for o p e r a t i o n a l  s a f e t y  s h a l l  be employed. Redundant sys tems  s h a l l  be 
employed as p r a c t i c a l .  

To a c h i e v e  these  g o a l s / c h a r a c t e r i s t i c s ,  c r i t i c a l  t e c h n o l o g i e s  w i l l  have to  
be advanced i n  seve ra l  a reas .  Technology development w i l l  be pursued i n  t h e  
areas  of h i g h  per formance v a r i a b l e  f low components, h i g h  expans ion  r a t i o  n o z z l e  
flow c h a r a c t e r i z a t i o n ,  d e s i g n  f o r  in-space m a i n t a i n a b i l i t y  and i n t e g r a t e d  
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health monitoring/control systems that will provide automated preflight opera- 
tions, as well as fault tolerant engine flight operations. 

Program Objectives 

The objective of the program to validate high performance expander cycle 
concepts wi 1 1  be accompl i shed by completing the fol lowing: 

(1 1 Proof-of-concept demonstration of a high performance, 1 iquid oxygen/ 
liquid hydrogen expander cycle will be undertaken in a test bed engine system, 
i ncl udi ng 

(a) Validation o f  high pressure, high performance expander cycles 

(b) Investigation of engine system interactions, transients, dynam- 
ics, control functions, and preliminary health monitoring 
techniques 

( 2 )  Design and analysis methodologies will be validated to support the 
development of future, high performance liquid oxygen/liquid hydrogen expander 
cycle engines including 

(a> Assembly and validation o f  analytical methodologies for the 
design of advanced liquid oxygen/liquid hydrogen expander cycle 
engine components and systems 

(b> Validation of design concepts for high performance, space-based 
throttleable liquid oxygenlliquid hydrogen expander cycle engines 

( 3 )  Mission-focused components will be integrated into a focused- 
technology test bed engine to demonstrate the high performance, liquid oxygen/ 
liquid hydrogen expander cycle engine system technology that is to be the basis 
for future space engine development. 

(4) Propulsion studies will be conducted to define firm propulsion 
requirements and to trade propulsion system performance, configuration, operat- 
ing characteristics, and the attributes that are key to long-term space trans- 
portation infrastructures (space-basing, reuse, man-rating, fault tolerance). 

Technical Approach 

The overall technical approach to be used in the chemical transfer propul- 
The program consists of propulsion studies, sion program is shown in figure 1. 

focused advanced components technology efforts and systems technology activi- 
ties. 
pulsion Program, advanced liquid oxygenlliquid hydrogen expander cycle engine 
components will be designed, fabricated and tested in component test stands. 
The testing shall be undertaken to validate the design methodologies and 
approaches that were used. The data base thus generated will be useful not 
only to validate component and subsystem performance, life, and operating char- 
acteristics but also the analytical methodologies used in design as well. 

Utilizing the technology developed in the Orbital Transfer Vehicle Pro- 
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The components w i l l  t hen  be assembled i n t o  a t e s t  bed eng ine .  The t e s t  
bed engine w i l l  be used t o  conduct  component i n t e r a c t i o n  and sys tem l e v e l  v e r i -  
f i c a t i o n  t e s t i n g  and t o  e s t a b l i s h  a system l e v e l  d a t a  base.  
expander c y c l e  o p e r a t i o n  w i l l  be v a l i d a t e d  and eng ine  models f o r  p r e d i c t i n g  
t r a n s i e n t ,  s teady  s t a t e  and t h r o t t l i n g  per formance w i  1 1  be t e s t e d ,  r e f i n e d  and 
v e r i f i e d .  I n  p a r a l l e l  w i t h  these a c t i v i t i e s ,  p r o p u l s i o n  s t u d i e s  w i l l  be con- 
duc ted  to  d e f i n e  p r o p u l s i o n  s y s t e m  r e q u i r e m e n t s  which w i l l  g u i d e  t h e  s e l e c t i o n  
o f  focused advanced component t e c h n o l o g i e s  t o  be pursued i n  t h e  program. These 
advanced components w i l l  have t h e  necessary  f e a t u r e s ,  d e s i g n  c h a r a c t e r i s t i c s ,  
d i a g n o s t i c s ,  and s c a l e  t o  demonst ra te  t h e  m i s s i o n  s p e c i f i c  r e q u i r e m e n t s  of 
f u t u r e  Mars/Lunar  t r a n s f e r ,  l a n d e r ,  ascent  and E a r t h  r e t u r n  v e h i c l e  r e q u i r e -  
ments.  Focused advanced eng ine  components emerging from component t e s t s  w i  1 1  
be i n t e g r a t e d  i n t o  a focused- techno logy  t e s t  bed eng ine .  T h i s  eng ine  w i l l  be 
capab le  o f  v a l i d a t i n g  t h e  m i s s i o n  s p e c i f i c  r e q u i r e m e n t s  a t  t h e  systems l e v e l .  
The p r o j e c t e d  c o m p l e t i o n  d a t e  i s  i n  1997. 

H igh  p ressu re  

ORBITAL TRANSFER VEHICLE PROPULSION TECHNOLOGY PROGRAM 

I n  1981, NASA i n i t i a t e d  an Advanced O r b i t a l  T r a n s f e r  V e h i c l e  (OTV)  P r o p u l -  
The o b j e c t i v e  o f  t h i s  program was t o  e s t a b l i s h  by s i o n  Technology Program. 

t h e  e a r l y  1990 's  t h e  t e c h n o l o g y  base fo r  a h i g h  per fo rmance,  m u l t i p l e  r e s t a r t ,  
v a r i a b l e  t h r u s t ,  o r b i t a l  t r a n s f e r  p r o p u l s i o n  system which c o u l d  be man r a t e d ,  
space o r  ground based, and c o m p a t i b l e  w i t h  a e r o a s s i s t e d  maneuver concepts .  
U n c e r t a i n t i e s  o f  the  m i s s i o n s  i n  t h e  OTV m i s s i o n  models and t h e  c o n t i n u a l  e v a l -  
u a t i o n  i n  OTV o p e r a t i o n ,  t e c h n o l o g y  and s u p p o r t i n g  i n f r a s t r u c t u r e  n e c e s s i t a t e d  
a b road s ta tement  o f  t h e  program r e q u i r e m e n t s  and g o a l s  and l e a d  t o  t h e  r e d e f i -  
n i t i o n  o f  t h e  eng ine  s i z e  d u r i n g  t h e  course  o f  t h e  program. 

S t u d i e s  t o  d e f i n e  p r o p u l s i o n  concepts based on t h e  r e q u i r e m e n t s  w e r e  
completed i n  1983 b y  Aerojet  Techsystems Company, P r a t t  and Whi tney,  and 
Rocketdyne. The t h r e e  eng ine  concepts  i d e n t i f i e d  by each o f  these  s t u d i e s  
were base1 i ned and a comprehensive program o f  t e c h n o l o g y  development for each 
concept  was begun. L a t e r  i n  t h e  program, f u n d i n g  c o n s t r a i n t s  a l l o w e d  o n l y  t h e  
p u r s u i t  o f  t h e  A e r o j e t  and Rocketdyne concepts .  I n  a d d i t i o n  t o  t h e  c o n t r a c t o r  
s p e c i f i c  t e c h n o l o g y  development ,  a p a r a l l e l  e f f o r t  o f  g e n e r i c  r e s e a r c h  and 
t e c h n o l o g y  a p p l i c a b l e  t o  a l l  concepts  was a l s o  u n d e r t a k e n .  P r o g r a m  d e f i n i t i o n  
and s t a t u s  have been r e p o r t e d  p r e v i o u s l y  ( r e f s .  6 ,  8, and 9 ) .  Recent p r o g r e s s  
i n  d e f i n i n g  eng ine  concepts  a t  t h e  7500 l b f  l e v e l  and i n  s e l e c t e d  t e c h n o l o g y  
areas i s  g i v e n  be low.  

OTV Engine Concepts 

The dua l  p r o p e l l a n t  expander c y c l e  eng ine  concept  f l o w  schemat ic  proposed 
by A e r o j e t  i s  shown i n  f i g u r e  2 .  
expander c y c l e  i s  t h a t  b o t h  hydrogen and oxygen a r e  used to  d r i v e  t h e i r  respec-  
t i v e  turbopumps. T h i s  approach r e s u l t s  i n  a h i g h e r  u l t i m a t e  chamber p r e s s u r e  
than  a c o n v e n t i o n a l  expander c y c l e  and e l i m i n a t e s  t h e  need for i n t e r p r o p e l  l a n t  
s e a l s  i n  t h e  o x i d i z e r  turbopump. The concept  would f e a t u r e  t h e  use o f  b u r n  
r e s i s t a n t  m a t e r i a l s  i n  oxygen,  a h i g h  h e a t  l o a d  b a f f l e d  chamber and a dua l  
spool  hydrogen turbopump. The updated e n g i n e ' s  s p e c i f i c  impu lse  i s  p r e d i c t e d  
t o  be i n  excess o f  480 s e c  a t  a m i x t u r e  r a t i o  o f  6.0 by  u t i l i z i n g  a chamber 
p r e s s u r e  o f  2000 p s i a  and a n o z z l e  a rea  r a t i o  o f  1 O O O : l .  

The key f e a t u r e  o f  t h e  dua l  p r o p e l l a n t  
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A hydrogen expander c y c l e  w i t h  hydrogen r e g e n e r a t i o n  and oxygen p r e h e a t i n g  
a t  low t h r u s t  l e v e l s  was proposed by  Rocketdyne. The p r o p e l l a n t  f low c y c l e  for 
t h i s  engine i s  shown i n  f i g u r e  3. The concept  has a p r e d i c t e d  s p e c i f i c  i m p u l s e  
i n  excess o f  480 sec w i t h  a chamber p r e s s u r e  o f  1740 p s i a  and an a r e a  r a t i o -  o f  
1080: l .  'The hydrogen pump i s  a f o u r - s t a g e  c e n t r i f u g a l  d e s i g n  preceded by  an 
i n d u c e r  and d r i v e n  by  a two s tage p a r t i a l  admiss ion  t u r b i n e .  The pump o p e r a t e s  
a t  192 000 rpm and d e l i v e r s  an o u t l e t  p r e s s u r e  o f  5600 p s i a .  The oxygen t u r b o -  
pump i s  a s i n g l e - s t a g e  c e n t r i f u g a l  d e s i g n  and i s  d r i v e n  by  a s i n g l e - s t a g e  p a r -  
t i a l  admiss ion t u r b i n e .  
o p e r a t e s  a t  64 000 rpm. 

The pump has an o u t l e t  p r e s s u r e  o f  3000 p s i a  and 

The P r a t t  and Whi tney b a s e l i n e  concept  was a hydrogen expander c y c l e  w i t h  
A t  a m i x t u r e  r a t i o  hydrogen r e g e n e r a t i o n  and oxygen p r e h e a t i n g  a t  low t h r u s t .  

o f  6 . 0  p r e d i c t e d  s p e c i f i c  i m p u l s e  was s l i g h t l y  l e s s  t h a n  480 sec w i t h  a chamber 
p r e s s u r e  o f  1210 p s i a  and n o z z l e  a r e a  r a t i o  o f  6 0 0 : l .  
schemat ic  f o r  t h e  P r a t t  and Whi tney concept  i s  shown i n  f i g u r e  4 .  

The p r o p e l l a n t  f low 

OTV P r o p u l s i o n  Techno log ies  

Based upon t h e  eng ine  concepts  and i d e n t i f i e d  t e c h n o l o g y  needs a compre- 
h e n s i v e  e f f o r t  was i n i t i a t e d  i n  1983 t o  deve lop  t h e  t e c h n o l o g y  r e q u i r e d  for a 
1 9 9 0 ' s  eng ine  development program. H i g h l i g h t s  o f  s e l e c t e d  achievements i n  t h e  
l a s t  two y e a r s  a r e  summarized below.  

Turbomachinery t e c h n o l o q y .  - The d e s i g n  o f  m u l t i - s t a g e  low f low,  h i g h  
p r e s s u r e  pumps r e q u i r e s  t h e  e f f i c i e n t  t u r n i n g  o f  t h e  h i g h  v e l o c i t y  f l u i d  from 
t h e  i m p e l 1 e r . t o  t h e  i n l e t  o f  t h e  n e x t  s t a g e . -  A s e r i e s  o f  t e s t s  have been 
completed i n  a water  t e s t e r  t o  p r o v i d e  t h e  d a t a  base f o r  t h e  d e s i g n  o f  h i g h  
v e l o c i t y  r a t i o  d i f f u s i n g  c r o s s o v e r s .  F i g u r e  5 shows t h e  Rocketdyne Mark 49 
turbopump and t h e  g e n e r a l  c o n s t r u c t  o f  t h e  h i g h  v e l o c i t y  c r o s s o v e r s .  The 
c r o s s o v e r  was des igned t o  p r o v i d e  a h i g h  d i f f u s i o n  (V1/V2> o f  6.23. 
more t h a n  t w i c e  t h e  d i f f u s i o n  o b t a i n e d  i n  t h e  Space S h u t t l e  Main Eng ine .  F i g -  
u r e  6 shows t h e  ceramic  mandrel  used i n  c a s t i n g  t h e  c r o s s o v e r  and g i v e s  a b e t -  
t e r  i n d i c a t i o n  o f  t h e  shape and c o m p l e x i t y  o f  t h e  c r o s s o v e r  d e s i g n .  E a r l y  
problems w i t h  c a s t i n g / f a b r i c a t i n g  t h e  c r o s s o v e r  appear to  be s o l v e d .  Use of a 
h i g h  v e l o c i t y  r a t i o  c r o s s o v e r  produces b e n e f i t s  i n  te rms o f  i n c r e a s e d  turbopump 
per formance and improved pump s t a l l  m a r g i n .  

T h i s  i s  

B e a r i n g  l i f e  i n  e x i s t i n g  r e u s a b l e  r o c k e t  eng ines  i s  n o t  s u f f i c i e n t  t o  s a t -  
i s f y  t h e  g o a l s  o f  t h i s  program. F i g u r e  7 shows p r e d i c t e d  b a l l  b e a r i n g  f a t i g u e  
l i f e  l i m i t s .  For example t h e  use o f  a 25 mm b e a r i n g  i n  a hydrogen turbopump a t  
200 000 rpm would produce a b e a r i n g  DN o f  5x106. 
b o t h  Rocketdyne and A e r o j e t  have d e c i d e d  t o  use h y d r o s t a t i c  b e a r i n g s .  I n  labo-  
r a t o r y  t e s t s ,  h y d r o s t a t i c  b e a r i n g s  have been demonst ra ted  t o  a c h i e v e  v i r t u a l l y  
u n l i m i t e d  l i f e  when m e t a l  on  meta l  c o n t a c t  i s  e l i m i n a t e d .  A e r o j e t  w i l l  i n c l u d e  
h y d r o s t a t i c  b e a r i n g s  as p a r t  o f  i t s  h i g h  speed l i q u i d  pump and gaseous oxygen 
d r i v e  t u r b i n e  e v a l u a t i o n  program. The A e r o j e t  turbopump i s  shown i n  f i g u r e  8.  
Rocketdyne has f a b r i c a t e d  a t e s t e r  t o  e v a l u a t e  h i g h  speed b e a r i n g s  i n  a l i q u i d  
hydrogen env i ronment .  
c a l e n d a r  y e a r  1989. 

To s a t i s f y  t h e s e  r e q u i r e m e n t s ,  

Both  programs a r e  scheduled t o  be under  t e s t  e a r l y  i n  

I n  o r d e r  t o  m a i n t a i n  h i g h  turbopump per formance w i t h  l o n g  o p e r a t i o n a l  
l i f e ,  Rocketdyne i s  c o n s i d e r i n g  u s i n g  turbopump s e a l s  manufac tured  from p l a s t i c  
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m a t e r i a l s .  These s e a l s  would a l l o w  s m a l l ,  h i g h  speed turbopumps t o  use s m a l l  
sea l  c learances  necessary t o  p r o v i d e  h i g h  e f f i c i e n c y  w i t h o u t  sea l  f a i l u r e s  
r e s u l t i n g  from r u b s  wh ich  would be encountered  w i t h  c u r r e n t l y - u s e d  m a t e r i a l s .  
Po lyure thane m a t e r i a l s  a r e  c a n d i d a t e s  f o r  l i q u i d  hydrogen s e r v i c e  and p o l y -  
im ides  f o r  l i q u i d  oxygen and warm hydrogen.  I n i t i a l  s c r e e n i n g  o f  m a t e r i a l s  
f o r  oxygen s e r v i c e  was completed s e v e r a l  y e a r s  ago. T y p i c a l  r e s u l t s  a r e  shown 
i n  f i g u r e  9. Data  from these t e s t s  were i n c o r p o r a t e d  in to  a model o f  s e a l  and 
energy d i s s i p a t i o n  i n  t h e  r o t o r / s t a t i c  system. The model i s  capab le  o f  p r o v i d -  
i n g  a r a n k i n g  o f  sea l  m a t e r i a l s  based on t h e  turbopump e n v i r o n m e n t a l  c o n d i t i o n s  
and t h e  m a t e r i a l  c h a r a c t e r i s t i c s  o f  t h e  s e a l s ,  ro tor  and s t a t o r .  Bo th  s t a t i c  
f r i c t i o n  and wear and r u n n i n g  f r i c t i o n  and wear t e s t s  a r e  c u r r e n t l y  underway i n  
t h e  t e s t e r  shown i n  f i g u r e  10. F r i c t i o n  and wear t e s t  m a t e r i a l  c o m b i n a t i o n s  
a r e  shown i n  t a b l e  111. 

The A e r o j e t  eng ine  concept  u t i l i z e d  a gaseous oxygen d r i v e n  t u r b i n e  f o r  
t h e  oxygen pump. Rubs i n  h i g h  p r e s s u r e  gaseous oxygen can r e s u l t  i n  c a t a -  
s t r o p h i c  f a i l u r e .  A r a n k i n g  methodology f o r  t h e  tendency o f  m a t e r i a l s  t o  
i g n i t e  i n  oxygen was developed e a r l y  i n  t h e  program ( r e f .  10). R e s u l t s  from 
t h e  r u b b i n g  o f  d i s s i m i l a r  m a t e r i a l s  shows t h a t  t h e  c o m b i n a t i o n  e x h i b i t s  t h e  
c h a r a c t e r i s t i c s  o f  t h e  most i g n i t a b l e  m a t e r i a l .  More r e c e n t  t e s t s  have e v a l u -  
a t e d  t h e  r u b b i n g  and wear c h a r a c t e r i s t i c s  o f  m a t e r i a l s  wh ich  have undergone 
s u r f a c e  m o d i f i c a t i o n  by i o n  i m p l a n t a t i o n  or e l e c t r o d e p o s i t i o n .  Monel K-500 ( a  
m a t e r i a l  p r e v i o u s l y  found d i f f i c u l t  t o  i g n i t e )  b o t h  w i t h  and w i t h o u t  s u r f a c e  
m o d i f i c a t i o n s  c o n s i s t i n g  of i o n  i m p l a n t e d  chromium, s i l v e r ,  and l e a d ,  and 
e l e c t r o - d e p o s i  t e d  chromium has been e v a l u a t e d .  A s  shown i n  F i g u r e  1 1 ,  s e v e r a l  
m o d i f i c a t i o n s  lowered f r i c t i o n  a t  low l o a d s  and f o r  s h o r t  p e r i o d s  o f  t i m e .  The 
d e s i r a b l e  s u r f a c e  tempera ture  c h a r a c t e r i s t i c s  o f  Monel were n o t  s i g n i f i c a n t 1  
a f f e c t e d  by t h e  m o d i f i c a t i o n .  These m o d i f i e d  m a t e r i a l s  c o u l d  be o f  b e n e f i t  
d u r i n g  t h e  hardware s t a r t - u p  phase. 

H igh  a r e a  r a t i o  n o z z l e  t e c h n o l o g y .  - A c c u r a t e  c a l c u l a t i o n  o f  e n g i n e  spe 
c i f i c  impu lse  r e q u i r e s  knowledge o f  boundary l a y e r  l o s s e s  and energy  e x t r a c t  
i n  v e r y  h i g h  a r e a  r a t i o  n o z z l e s .  U n t i l  j u s t  r e c e n t l y ,  such d a t a  has been 
a v a i l a b l e  f o r  a r e a  r a t i o s  o n l y  up t o  4 0 0 : l .  

on 

I n i t i a l  t e s t s  o f  a 1030: l  n o z z l e  i n  t h e  Lewis Research C e n t e r  Rocket  
Engine  T e s t  F a c i l i t y  i n d i c a t e d  t h a t  a t  t h e  nominal chamber p r e s s u r e  o f  350 p s i a  
t h e  f low w i t h i n  t h e  n o z z l e  was l a m i n a r  ( r e f .  1 1 ) .  C a l c u l a t i o n  of t h e  f low con- 
d i t i o n  w i t h i n  t h e  n o z z l e  i n d i c a t e d  t h a t  even i f  t h e  boundary l a y e r  f low was 
i n c l i n e d  t o  t r a n s i t i o n  t o  t u r b u l e n t ,  t h e  a c c e l e r a t i o n  c o n d i t i o n s  w i t h i n  t h e  
n o z z l e  would t e n d  t o  suppress t u r b u l e n c e  and keep t h e  f low l a m i n a r l i k e .  More 
r e c e n t  t e s t s  have extended t h e  range o f  i n v e s t i g a t i o n  from 350 t o  1000 p s i a  
chamber p r e s s u r e  ( r e f .  1 2 ) .  These c o n d i t i o n s  cor respond t o  a t h r o a t  d i a m e t e r  
Reynolds number range o f  3x105 t o  10x105. 
t h e  n o z z l e  i s  shown i n  f i g u r e  12. A s  t h e  chamber p r e s s u r e  i s  i n c r e a s e d ,  and, 
c o r r e s p o n d i n g l y ,  t h e  t h r o a t  Reynolds i n c r e a s e s ,  t h e  f low becomes more t r a n s i -  
t i o n a l .  Near t h e  n o z z l e  e x f t  a t  1004 p s i a ,  t h e  flow appears to  be n e a r l y  f u l l y  
developed t u r b u l e n t  f low.  
t h e  r e l a m i n a r i z a t i o n  r e g i o n  w i l l  e x t e n d  to  a t h r o a t  d i a m e t e r  R e y n o l d ' s  number 
o f  22x105 or 2600 p s i a .  R e l a m i n a r i z a t i o n  based on c a l c u l a t i o n  o f  t h e  a c c e l e r a -  
t i o n  parameter  agree w i t h  these r e s u l t s .  
h i g h e r  chamber p r e s s u r e  t o  o b t a i n  d a t a  i n  t h e  r e g i o n  o f  f u l l y  developed t u r b u -  
l e n t  f low. Knowledge o f  t h e  n o z z l e  f low c h a r a c t e r i s t i c s  i s  e x t r e m e l y  i m p o r t a n t  
i n  d e t e r m i n i n g  t h e  n o z z l e  and eng ine  per formance.  Based on t h e  r e s u l t s  o f  

The h e a t  f l u x  d i s t r i b u t i o n  w i t h i n  

E x t r a p o l a t i o n  o f  t h e  h e a t  f l u x  d a t a  i n d i c a t e  t h a t  

A d d i t i o n a l  t e s t s  a r e  p lanned a t  
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tests at 350 psia chamber pressure with a 1OOO:l area ratio nozzle, a fully 
developed turbulent flow within the nozzle would result in a performance loss 
of 15 sec o f  vacuum specific impulse (ref. 13) .  

CARGO VEHICLE PROPULSION PROGRAM 

If chemical propulsion is used, the challenging future space missions, 
such as those to the Moon and Mars, will require that propellant be a signifi- 
cant percentage of the total vehicle mass. For example, in the case of the 
Galileo mission, propellant accounts for 43 percent of the total mass of the 
spacecraft in Low Earth Orbit (LEO). For the more challenging Comet 
Rendezvous/Asteroid Flyby (CRAF) mission, chemical propellant makes up 76 per- 
cent of the LEO mass of the spacecraft. Several electric propulsion devices 
deliver a specific impulse significantly higher than chemical systems. Such 
devices, therefore, offer the promise of reduced propellant mass to perform a 
given mission. This gain can be reduced if the mass requirements for the power 
system become too large. Also, electric propulsion devices tend to produce low 
levels of thrust which, for many missions, results in long trip times. There 
are, however, many missions where increased trip time can be tolerated and the 
reduced propellant mass required becomes a program driver. One example of such 
a mission is an unmanned cargo vehicle. 

Studies have shown that for a "cargo vehicle" supporting a p i l o t e d  mission 
t o  Mars, high performance electric propulsion with a specific impulse over 
4000 sec at multi-megawatt power levels can offer major reductions in total 
propellant mass requirements. This can be accomplished while still providing 
acceptable transit time performance. Compared with a chemically-propelled 
(cryogenic hydrogenloxygen) cargo vehicle, using aerocapture at Mars, a non- 
aerobraking, high performance electric propulsion vehicle could reduce total 
mission mass required in LEO by an amount equivalent to at least three heavy 
lift launch vehicles (HLLV's). The reduction in launched mass is obviously 
even greater for a nonaerobraking, completely propulsive chemically propellant 
cargo vehicle. 

At the present time, the Cargo Vehicle Propulsion Program element of 
project Pathfinder is not funded. The earliest prospects for initiating activ- 
ity in this element of the program appear to be fiscal year 1991 (October 
1990). In the meantime, maintenance-level research in promising electric pro- 
pulsion technologies is being supported by the NASA Base Research and Technol- 
ogy Program. 

Design Goal s/Objectives 

The design goals established for candidate electric propulsion systems are 
shown in table IV. The specific impulse goal is approximately 1 order o f  mag- 
nitude higher than chemical propulsion systems. High specific impulse clearly 
offers propellant mass savings. However, in order to exploit that benefit 
practically, it is essential that the overall vehicle exhibit acceleration lev- 
els, and resultant transit times, which are sufficient to meet acceptable over- 
all mission time frames. This requirement necessitates low specific mass and 
high efficiency propulsion in order to keep low power system mass. High total 
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impu lse  and h i g h  power c a p a b i l i t y  p e r  eng ine  i s  a l s o  needed i n  o r d e r  t o  accom- 
p l i s h  m i s s i o n  p r o p u l s i o n  system per formance r e q u i r e m e n t s  w i t h  an a c c e p t a b l y  
low number o f  i n d i v i d u a l  e n g i n e s .  D u r a b i l i t y  r e q u i r e m e n t s  a r e  a l s o  an impor-  
t a n t  c o n s i d e r a t i o n .  

A t  t h e  p r e s e n t  t i m e ,  t h e  o n l y  o p e r a t i o n a l  uses o f  e l e c t r i c  p r o p u l s i o n  have 
been low power systems used t o  p e r f o r m  s a t e l l i t e  s t a t i o n k e e p i n g  f u n c t i o n s .  
S i n c e  s p e c i f i c  impu lse  o v e r  4000 sec a r e  o f  i n t e r e s t  fo r  P a t h f i n d e r ,  e l e c t r o -  
thermal  s y s t e m s  such as a r c j e t s  a r e  n o t  adequate even w i t h  hydrogen p r o p e l l a n t  
(Isp < 1500 s e c ) .  Advanced concepts ,  such as e l e c t r o d e l e s s  t h r u s t e r  systems, 
may u l t i m a t e l y  p r o v i d e  t h e  d e s i r e d  c h a r a c t e r i s t i c s ,  b u t  do n o t  have s u f f i c i e n t  
t e c h n i c a l  m a t u r i t y  t o  be c o n s i d e r e d  d u r i n g  t h e  i n i t i a l  y e a r s  o f  P a t h f i n d e r .  

I o n  eng ines  have demonst ra ted  s p e c i f i c  impulses from l e s s  t h a n  2000 sec t o  

Key i s s u e s  a r e  scale-up 
more t h a n  10 000 sec, t h r u s t  e f f i c i e n c i e s  t o  o v e r  7 5  p e r c e n t ,  and t o t a l  t h r u s t  
impu lses  as h i g h  a t  106 N.s f o r  10 kW c l a s s  t h r u s t e r s .  
o f  i o n  a c c e l e r a t i o n  subsystems f o r  h i g h  power o p e r a t i o n ,  i n c r e a s i n g  t h e  power 
d e n s i t y  t o  reduce t h e  number o f  eng ines  r e q u i r e d ,  and t h r u s t  or  l i f e .  

Magnetoplasmadynamic (MPD) p r o p u l s i o n  t e c h n o l o g y  i s  g e n e r a l l y  l e s s  
advanced t h a n  i o n  systems. Power l e v e l s  o f  5 MW have been demonst ra ted  i n  a 
p u l s e d  power mode, b u t  l e v e l s  o f  o n l y  about  250 kW have been demonst ra ted  for 
s teady  power.  Most o f  t h e  e f f i c i e n c y  d a t a  f a l l  i n t o  t h e  15 t o  30 p e r c e n t  
range,  a l t h o u g h  some d a t a  f o r  hydrogen and l i t h i u m  p r o p e l l a n t s  -approach 50 p e r -  
c e n t  e f f i c i e n c y  a t  v e r y  low power l e v e l s .  H i g h e r  e f f i c i e n c i e s  and s p e c i f i c  
impu lses  a r e  g e n e r a l l y  o b t a i n e d  w i t h  a p p l i e d  magnet ic  f i e l d s ,  b u t  a fundamental  
t h e o r e t i c a l  u n d e r s t a n d i n g  o f  th i s_  mode o f  o p e r a t i o n  i s  l a c k  
t o t a l  impu lse  demonstrated i s  l o b  N o s ,  a t  about  25 kW. 
a r e  t h r u s t e r  e f f i c i e n c y  and l i f e .  

Key 

F a c i l i t y  background c o m p o s i t i o n  and p r e s s u r e  have been 
t o  have a v e r y  s i g n i f i c a n t  ( f a c t o r  g r e a t e r  t h a n  two) impact  
formance.  The impact  o f  f a c i l i t y  e f f e c t s  and t h e  a v a i l a b i l  
f i d e l i t y  ground t e s t  f a c i l i t i e s  a r e  s e r i o u s  i s s u e s  i n  t h e  f 
of h i g h  power, h i g h  per formance e l e c t r i c  p r o p u l s i o n  systems. 

ng. The h i g h e s t  
t e c h n o l o g y  i s s u e s  

shown i n  some cases 
on  measured p e r -  
t y  o f  enough h i g h  
r t h e r  development 

T e c h n i c a l  Approach 

The P a t h f i n d e r  Cargo V e h i c l e  P r o p u l s i o n  Program w i l l  e s t a b l i s h  t h e  p r a c t i -  
c a l i t y  and f e a s i b i l i t y  o f  e l e c t r i c  p r o p u l s i o n  f o r  a v a r i e t y  of m i s s i o n s .  
three-phase program as shown i n  f i g u r e  13 i s  p lanned.  Phase I would l a s t  
a p p r o x i m a t e l y  5 y e a r s  and w i l l  be devoted  t o  e s t a b l i s h i n g  t h e  f e a s i b i l i t y  and 
p r a c t i c a l i t y  o f  compet ing  concepts .  
s e l e c t i o n  o f  t h e  most p r o m i s i n g  c a n d i d a t e  e l e c t r i c  p r o p u l s i o n  concept  for f u r -  
t h e r  development .  

Phase I 1  w i l l  be a 5 ye’ar f o c u s e d  t e c h n o l o g y  program t h a t  w i l l  demonst ra te  
power and l i f e  r e q u i r e m e n t s  a t  h i g h  power l e v e l s .  T h i s  phase would a l s o  d e f i n e  
r e q u i r e m e n t s  f o r  a t e c h n o l o g y  f l i g h t  d e m o n s t r a t i o n .  I f  r e q u i r e d ,  a phase I11 
f l i g h t  v a l i d a t i o n  exper iment  o f  h i g h  power e l e c t r i c  p r o p u l s i o n  t e c h n o l o g y  would 
be u n d e r t a k e n .  
i s  shown i n  f i g u r e  14. 

A 

The phase I a c t i v i t y  w i l l  c u l m i n a t e  i n  t h e  

An o v e r a l l  program schedule f o r  t h e  first phase of t h e  program 
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The phase I program w i l l  c o n c e n t r a t e  o n  per formance and c r i t i c a l  f e a s i b i l -  
i t y  issues  f o r  t h e  c a n d i d a t e  t h r u s t e r s .  The f irst s t e p  w i l l  be t o  assess 
f a c i l i t y  impacts  on  h i g h  f i d e l i t y  per formance and d u r a b i l i t y  d a t a .  
s h o r t  t e r m ,  i n - s i t u  methods o f  e v a l u a t i n g  l i f e  i s s u e s  w i l l  be developed a l o n g  
w i t h  t h e  r e q u i r e d  f a c i l i t y  c a p a b i l i t i e s ,  so t h a t  per formance l i m i t s  can be 
e s t a b l i s h e d  fo r  each t h r u s t e r .  P a r a l l e l  t h r u s t e r  t e c h n o l o g y  e f f o r t s  w i l l  be 
per formed f o r  b o t h  s e l f - f i e l d  and a p p l i e d - f i e l d  MPD t h r u s t e r s  as w e l l  as i o n  
eng ines .  I t  i s  necessary  t o  d e v o t e  most o f  t h e  r e s o u r c e s  e a r l y  i n  t h e  program 
t o  MPD development,  because o f  i t s  much g r e a t e r  t e c h n i c a l  u n c e r t a i n t i e s .  
Power p rocessor  t e c h n o l o g y  w i l l  be d i r e c t e d  t o  p r o v i d e  l a b o r a t o r y - c l a s s  hard-  
ware. S u p p o r t i n g  thermal  and systems ana lyses  w i l l  be i n c l u d e d  i n  t h e  program, 
w h i l e  m i s s i o n  s t u d i e s  w i l l  be p r o v i d e d  from o u t s i d e  sources .  

R e l i a b l e  

HIGH-POWER ELECTRIC PROPULSION TECHNOLOGY PROGRAM 

I n t e r e s t  i n  v e r y  c h a l l e n g i n g  m i s s i o n s  and t h e  p r o s p e c t s  f o r  a v a i l a b l e  
high-power l e v e l s  i n  space has s p u r r e d  renewed i n t e r e s t  i n  high-power e l e c t r i c  
p r o p u l s i o n  ( r e f .  1 4 ) .  Cand ida te  systems i n c l u d e  i o n  ( r e f s .  15 t o  18) and mag- 
netoplasmadynamic eng ines  ( r e f s .  19 to  2 2 ) .  E l e c t r o d e l e s s  t h r u s t e r s  ( r e f .  23) 
r e p r e s e n t  more f a r - t e r m  p o s s i b i l i t i e s .  There a r e  a l s o  p o t e n t i a l  a p p l i c a t i o n s  
f o r  h i g h  Isp e l e c t r i c  p r o p u l s i o n  i n  t h e  range o f  t e n s  o f  k i l o w a t t s  t h a t  may be 
a v a i l a b l e  from s o l a r  a r r a y s  ( r e f .  2 4 ) .  

I o n  P r o p u l s i o n  

I o n  p r o p u l s i o n  i s  capab le  o f  d e l i v e r i n g  v e r y  h i g h  s p e c i f i c  impu lse  and, 
based on a l o n g  h i s t o r y  o f  r e s e a r c h ,  can be c o n s i d e r e d  s u f f i c i e n t l y  mature t o  
be a c a n d i d a t e  f o r  near - te rm a p p l i c a t i o n s .  I n  r e c e n t  t e s t s ,  a 30-cm d i a m e t e r ,  
d i v e r g e n t - f i e l d  i o n  t h r u s t e r  o p e r a t i n g  w i t h  xenon p r o p e l l a n t  was o p e r a t e d  for 
567 h r  ( r e f .  2 5 ) .  P r i m a r y  wear mechanisms a s s o c i a t e d  w i t h  l o n g - l i f e ,  h i g h -  
power eng ines  have been i d e n t i f i e d .  Wear mechanisms i d e n t i f i e d  i n c l u d e d :  
( 1 )  n o n u n i f o r m  e r o s i o n  on  t h e  ups t ream s i d e  of t h e  b a f f l e ,  ( 2 )  o x i d a t i o n ,  
d e f o r m a t i o n  and c r a c k i n g  o f  t h e  t a n t a l u m  ca thode t u b e  wh ich  i s  p r o b a b l y  r e l a t e d  
t o  c o l d  s t a r t u p  b u t  may be due to  t h e  h i g h  p a r t i a l  p r e s s u r e  o f  w a t e r  i n  r e s i d -  
u a l  f a c i l i t y  gases, and ( 3 )  charge exchange i o n  e r o s i o n  o f  t h e  a c c e l e r a t o r  
g r i d .  P r e v i o u s  d i f f i c u l t i e s  w i t h  sc reen g r i d  e r o s i o n  wh ich  was t h e  l i f e  l i m i t -  
i n g  mechanism i n  3 kW mercury  i o n  t h r u s t e r s  was g r e a t l y  reduced.  Based on  
these r e s u l t s ,  sc reen g r i d  l i f e  i n  t h e  10 kW xenon t h r u s t e r  i s  p r o j e c t e d  t o  be 
i n  excess o f  7000 h r .  

A s  p r e v i o u s l y  no ted ,  s c a l i n g  o f  i o n  eng ines  t o  l a r g e r  s i z e  i s  d e s i r a b l e .  

P r e l i m i n a r y  performance 
Both  l a b o r a t o r y  and e n g i n e e r i n g  model 30-cm d i a m e t e r  xenon p r o p e l l a n t  t h r u s t e r s  
have been o p e r a t e d  o v e r  a power range o f  2 t o  20 kW. 
r e s u l t s  have a l s o  been o b t a i n e d  f o r  l a b o r a t o r y  model 50-cm d i a m e t e r  cusp and 
d i v e r g e n t  f i e l d  t h r u s t e r s  u s i n g  30-cm and 50-cm d i a m e t e r  i o n  o p t i c s  o v e r  t h e  
10-kW range.  These r e s u l t s  r e p r e s e n t  t h e  f irst o u t p u t  o f  a program aimed a t  
d e v e l o p i n g  s c a l i n g  t e c h n o l o g y  and a r e  an i m p o r t a n t  p r e c u r s o r  t o  t h e  P a t h f i n d e r  
a c t i  v i  t i e s  . 
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Magnetoplasmadynamics 

Both  s e l f - f i e l d  and a p p l i e d - f i e l d  ( f i g .  15) MPD t h r u s t e r  r e s e a r c h  i s  
underway. 
p u l s e d  mode r a t h e r  t h a n  c o n t i n u o u s  mode o p e r a t i o n .  H i g h  thermal  e f f i c i e n c i e s  
a t  megawatt power l e v e l s  i n  p u l s e d  o p e r a t i o n  w i t h  low e l e c t r o d e  e r o s i o n  r a t e s  
have been observed.  T h i s  i n d i c a t e s  promise f o r  f u t u r e  development of t h e  MPD 
concept .  P r o m i s i n g  r e s u l t s  w i t h  hydrogen and l i t h i u m  p r o p e l l a n t s  have shown 
0.43 and 0.69 e f f i c i e n c y .  O t h e r  p r o p e l l a n t s  show e f f i c i e n c i e s  i n  t h e  0.1 t o  
0 .35  range d e l i v e r i n g  s p e c i f i c  impu lse  of 1000 to  4500 sec. Recent t e s t s  a t  
NASA Lewis have demonst ra ted  c o n t i n u o u s  o p e r a t i o n  o f  an MPD a r c  t h r u s t e r  a t  
o v e r  100 kW i n  b o t h  t h e  s e l f -  and a p p l i e d - f i e l d  modes. F i g u r e  16 shows t h e  
t h r u s t e r  i n  o p e r a t i o n .  

S e l f - f i e l d  t h r u s t e r  r e s e a r c h  has been conducted p r i m a r i l y  i n  t h e  

CONCLUDING REMARKS 

The NASA P r o j e c t  P a t h f i n d e r  Program has been e s t a b l i s h e d  to  p r o v i d e  tech-  
n o l o g i e s  f o r  f u t u r e  space e x p l o r a t i o n .  The Chemical T r a n s f e r  P r o p u l s i o n  e l e -  
ment has o n l y  r e c e n t l y  been i n i t i a t e d  and t h e  Cargo V e h i c l e  P r o p u l s i o n  e lement  
has been p lanned b u t  i s  n o t  y e t  underway. Together  t h e s e  two elements p r o v i d e  
t e c h n o l o g i e s  for f u t u r e  t r a n s f e r  v e h i c l e s  p r o p e l l e d  b y  advanced chemica l  or 
e l e c t r i c  p r o p u l s i o n  d e v i c e s .  Much r e s e a r c h  needs to  be accompl ished to  enab le  
b o l d  new m i s s i o n s  b e i n g  e n v i s i o n e d  for t h e  2 1 s t  c e n t u r y ,  b u t  NASA programs t o  
accompl ish  t h a t  r e s e a r c h  a r e  now b e i n g  p u t  i n  p l a c e .  
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TABLE I .  - CHEMICAL TRANSFER PROPULSION TECHNOLOGY REQUIREMENTS 

M i  ss i  on 

Mars t r a n s f e r  
( 1 s t  and 2nd stage) 

Lunar t r a n s f e r  
Mars t r a n s f e r  

(3 rd  stage) 
Mars/Lunar r e t u r n  

Mars and Moon 
descent 

Mars and Moon 
ascent 

Thrust ,  
K 

75-100 

20-40 

20-40 

20-40 

Fuel 

LOX/LH2 

LOX/LH2 

LOX/LH2 

( a )  

>460 

>480 

>450 

Max 

- 
aMust be compatible w i t h  surface heat loads and s 

mission acceptable l e v e l s .  

Burn 
time, 

m i  n 

Reuse 

< 30 

45-90 

10-20 

<20 

Yes 
(10)  

Yes 
(10) 

Hars-No 
Moon-Yes 

Mars-No 
Moo n-Y es 

(10) 

Thro t t l  eabl e 

No 

No 

Yes 

No 

I 

iy t imes and c a p a b i l i t y  t o  reduce 

TABLE 11. - TECHNOLOGY GOALS FOR SPACE TRANSFER ENGINE 

Parameter 

Propel lants  - Fuel 

Power cyc le  
Vacuum t h r u s t  (design p o i n t ) ,  l b f  
Vacuum t h r u s t  t h r o t t l i n g  r a t i o  

Vacuum speci f i c impul se, 1 b f - s e d 1  bm 
Engine mixture r a t i o ,  O/F (des ign p o i n t )  
Engine mixture r a t i o  range 
Combustion pressure (des ign p o i n t ) ,  p s i a  
Nozzle area r a t i o  
Gimbal, deg 
Weight, l b  
Length, i n .  
L i f e  - Operat ional  

Basing 
Human r a t i n g  
Design c r i t e r i a  - Operat ional  

Oxi d i  zer  

(cont inuous and s tab le )  

Service f r e e  

Aerobrake 

Maintenance ( d u r i n g  
operat ional  1 i f e )  

Diagnost ic  i nst rumentat i  on 

Reference 
engine system, 
RL-10A-3-3A 

Hydrogen 
Oxygen 
Expander 
16 50Q 
No t h r o t t l i n g  

444.4 
5.0 
4.4 t o  5.6 
465 
61: l  
:4.0 
310 
70.1 
3 s t a r t s ,  4000 sec 
Not s p e c i f i e d  
Ear th 
No 
Not s p e c i f i e d  

None 

None 

None 

Space 
exposure 

Months 

Years 

Years 

Years 

isses t o  

~ Space t r a n s f e r  
v e h i c l e  engine 

goal s l r e q u i  rements 

Hydrogen 
Oxygen 
Expander 
TBD 
20: l  ( r a t e d  t h r u s t  t o  

5 percent w i t h  minimum 
performance l o s s )  

490 
6.0 
5.0 t o  7.0 
TBO 
1000: 1 
:20 p i t c h  and yaw 
TBD 
TBD 
500 s t a r t s ,  20 h r  
100 s t a r t s ,  4 h r  
Space 
Yes 
F a u l t  to lerance ( f a i l  

operat ional  / f a i  1 safe)  
Compatible w i t h  aeroassi  s t  

t r a n s f e r  
In-space maintenance 

(components e a s i l y  
rep1 aceabl e )  

I n teg ra ted  c o n t r o l s  and 
heal t h  moni t o r i  ng 
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F l u i d  

LOX 

Warm GH2 (500 OF) 

Cold GH2 (-300 OF) 

TABLE I V .  - CARGO VEHICLE PROPULSION GOALS 

Seal r o t o r  Seal r i n g  

K-Mo n e 1 KEL-F (base1 i ne) 
INCO 718 Vespel 

A-286 Vespel 

Ti tanium Hexcel 3124 
I N C O  718 Hexcel 3125 

Polybon M 

Polybon M 

KEL-F (base l ine)  

C h a r a c t e r i s t i c  

S p e c i f i c  impul se 
E f f i c i e n c y  
Speci f i c mass 
Scal abi  1 i t y  
Ourabi 1 i t y  

Goal 

>4000 sec 
>0.60 
<10 kg/kW 
To mu1 ti-megawatt 
Total  impulse 
>lo8 N.S per  
engine 

~ 

- 1’1IASI I PHASL I I  t PHASE 111 4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TECHNOLOGY 
READINESS 

OtXP HISSION COMPONENT 9 SYSTEM 
DEFINITION VAL I DAT I ON VAL I DAT I ON 

I I 

1 ,  TEST BED ENGINE CONTRACT 

I 

I 
I 

COMPONENT I 
VAL I DAT 1 ON 

TEST LIED I 
ENGINE I 

1 -  PROPULSION STUDIES I 
~ 

FIGURE 1.  - CHEMICAL TRANSFER PROPULSION PROGRAM SCHEDULE. 

14 



I I OX START-UP 

5 

4 i:ikT-UP 
M I N  VALVE 

& M I N  VALVE 

r----7 I 

B 
0 
El 

B 
---- 

SHUTOFF 

I 

lW0 POSITION 

THROTTLING 

LIQUID HYDROGEN 
GASEOUS HYDROGEN 
LIQUID OXYGEN 
GASEOUS OXYGEN 

FIGURE 2. - FLOW SCHEMATIC: AEROXT ADVANCED OTV PROPULSloll COIICEPT. 

SHUTOFF 

THROTTLING 

LIQUID HYDROGEN 
GASEOUS HYDROGEN 
LIQUID OXYGEN 

U 

FIGURE 3. - FLOW SCHEMATIC: ROCKETDYNE ADVANCED OTV PROPULSION CONCEPT. 
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,-START SOLENOID VALVE n 
r FUEL SHUT-OFF r O X I D I Z E R  SOLENOID VALVE 

SOLENOID VALVE 
I 

,-BYPASS SOLENOID 
VALVE NO. 2 

,-FUEL TANK r OXIDIZER 

FIGURE 4. - FLOW SCHEMATIC: PRATT 8 WHITNEY ADVANCED OTV PROPULSION CONCEPT. 

NON- 
r CONSTANT AREA SECTION DIFFUSING 

TURN I NG I rCROSSOVER PASSAGE 

VIEW "A" - 
SECT I ON 

v2 

VIEW I N  DIRECTION "A" SHOWING TWO OF SECTIONAL VIEW OF CROSSOVER 
SEVENTEEN CROSSOVER PASSAGES 

FIGURE 5. - SCHEMATIC OF HIGH-VELOCITY RATIO DIFFUSING CROSSOVER. 
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FIGURE 6. - HIGH VELOCITY RATIO DIFFUSER CASTING. 
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FIGURE 7. - BALL BEARING FATIGUE LIFE LIMIT. 
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FIGURE 8. - OXYGEN TURBUPUMP COMPONENTS. 
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KEL-F VESPEL TORLON POLYBON 

FIGURE 9.  - PROMOTED IGNITION BURN RATE FOR CANDIDATF SOFT SrAl M A I I R I A I S .  
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1 TEST FLUID I N  

.--SIVPLE 
CARRIER 

ROTAT I w6 
MTERIAL 
-SIVPLE 4 TEST FLUID OUT 

FI6URE 10. - SOFT MAR RING SEAL F R I C T I M  AND WR TESTER. 

0 TO 40 SEC U 50 P S I A  LOAD 

FIGURE 11. - C W A R l W N  OF MAR RATES I N  OXYGEN FOR PUNEL K-500 W l T W  
WITHOUT SURFACE WDIFICATIOYS. OXYGEN PRESSURE, loo0 PSIA.  
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FIGURE 12. - EXPERIENTAL AND PREDICTED WALL HEAT 
FLUX AT VARIOUS CHAWIER PRESSURES. 
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TESLA CLASS NOZZLE 0.5 nY loo0 HR 
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FIGURE 14. - PHASE I CARGO VEHICLE PROPULSION PROGRAM SCHEDULE. 
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ARC CURRENTS: 
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FIGURE 15. - MPD ARC THRUSTER CURRENTS AND FIELDS. 

FIGURE 16. - W D  ARC THRUSTER OPERATING AT 102 KW INPUT POWER. 
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